for the e-ROP Cooperative Group IMPORTANCE Detection of treatment-requiring retinopathy of prematurity (ROP) involves serial eye examinations. An ROP prediction model using predictive factors could identify high-risk infants and reduce required eye examinations.
Supplemental content at jamaophthalmology.com R etinopathy of prematurity (ROP) is a leading cause of treatable blindness in children worldwide. 1 Retinopathy of prematurity can often be effectively treated with laser retinal ablative surgery or other treatments when diagnosed early. [2] [3] [4] However, detection of ROP involves subjecting many infants to uncomfortable, resource-intensive serial diagnostic eye examinations by ophthalmologists, while fewer than 10% of the examined infants require treatment. 5 An option for decreasing the number of eye examinations is to develop a screening strategy to identify infants with high-risk demographic or ocular characteristics who need ROP examinations by an ophthalmologist to consider treatment. To address this issue, Ells et al 6 introduced the concept of referralwarranted (RW) ROP for the detection of potentially severe ROP features observed on retinal images. These features included plus disease, zone I ROP, or ROP stage 3 or greater, and they are also the key components of current indications for treatment of ROP (type 1 ROP) or for increased surveillance (type 2 ROP) as subsequently defined by the results of the Early Treatment for ROP randomized trial. 5 Currently, guidelines for identification of infants who need ROP evaluations are mainly based on birth weight (BW) and gestational age (GA), with varying cutoffs. 7, 8 However, these guidelines have low specificity. 9, 10 Identification of additional predictive factors for RW-ROP may help identify a subset of highest-risk infants for more frequent retinal imaging to identify the need for eye examinations, while the remaining lower-risk infants could be screened at lower frequency. Previous research has identified several postnatal risk factors for severe ROP including slow postnatal weight gain, [11] [12] [13] neonatal infection, 14, 15 and high oxygen supplementation. 16 One report from a large randomized clinical trial conducted in the late 1980s examined both the demographic (BW, GA, and race/ ethnicity) and ROP characteristics, and it found that race/ ethnicity and ocular characteristics of ROP (ie, stage, zone, and plus disease) independently predicted an unfavorable ROP outcome. 17, 18 In the current study, we hypothesized that the ocular findings from the first study-related eye examination, along with demographic characteristics and postnatal factors, may help identify high-risk infants who will subsequently develop RW-ROP. To test this hypothesis, we assessed nonocular and ocular characteristics for predicting the development of RW-ROP in a subset of nearly 1300 premature infants enrolled from 13 participating clinical centers for the Telemedicine Approaches to Evaluating Acute-Phase Retinopathy of Prematurity (e-ROP) Study.
Methods
The e-ROP Study is a multicenter observational cohort study, supported by the National Eye Institute of the National Institutes of Health, to evaluate the validity, reliability, feasibility, safety, and relative cost-effectiveness of a digital imaging system to identify infants with RW-ROP. The details of the design, methods, and primary outcome results for the e-ROP Study have been published. 19, 20 Major features of the diagnostic examination and the candidate predictors for RW-ROP are described here.
Study Participants
Infants eligible for enrollment into the e-ROP Study had BW less than 1251 g and were likely to survive 28 days and remain in neonatal intensive care units for serial ROP examinations. Written informed consent was obtained from the parents/ guardians of eligible infants. The study protocol and informed consent process was approved by the institutional review boards of the participating clinical centers.
Diagnostic Eye Examination
Enrolled infants underwent serial diagnostic examinations in both eyes by e-ROP Study-certified ophthalmologists. The first study-related eye examination started at 4 weeks after birth or at 32 weeks' postmenstrual age (PMA), whichever came later for babies with GA of 28 weeks or greater. For babies with GA of less than 28 weeks, the protocol at the individual clinical center determined the timing of the first eye examination. Earlier examination prior to the first e-ROP Study-related eye examination could have been conducted by nonstudy ophthalmologists, but their data were not included in this study. 
Predictive Factors
Demographic characteristics were collected from the infant's parent/guardian at enrollment including BW, GA, sex, race, ethnicity, and singleton or multiple births. Data on feeding and respiratory status of an infant in the past 12 hours and the most recent weight prior to the first studyrelated eye examination were collected by the study coordinator. Based on the BW and weight at the first study-related eye examination, the weight gain rate was calculated using 2 approaches. First, we calculated the weight gain rate (grams/ day) as the weight gain between birth and the first studyrelated eye examination divided by days of life at first studyrelated eye examination. This weight gain rate has been found to be predictive of the risk for ROP. 11, 12 Second, we calculated the relative weight gain rate (grams/kilograms/day) as the weight gain rate (grams/day)/(average of weight on examination date and birth weight). This relative weight gain rate has been used in the neonatal intensive care unit for monitoring growth and, conversely, the nutritional deficit in preterm infants. 22, 23 At the first study-related eye examination performed by a study-certified ophthalmologist at a study clinical center, ocu-
Statistical Analysis
We first analyzed the predictors of RW-ROP using univariate analysis followed by a multivariate logistic regression model that included predictors with P < .10 in the univariate analyses and their 2-way interaction terms. The multivariate model went through backward selection of predictors, and the final multivariate model retained the predictors with P < .05. Ocular predictors at the first study-related eye examination were determined based on the worse eye. Development of RW-ROP was defined as the presence of RW-ROP in either eye at any studyrelated follow-up eye examination. The odds ratio (OR) with 95% CIs associated with each predictor were calculated from logistic regression models. The predictions of RW-ROP were evaluated using the area under receiver operating characteristic curve (AUC). Sensitivity and specificity corresponding to various cut points of predicted probability of RW-ROP from final multivariate model were also calculated. All the statistical analyses were performed in SAS version 9.4 (SAS Institute Inc).
Results
Among 1284 infants enrolled into the e-ROP Study, 979 infants (76.2%) had at least 2 study-related eye examinations and did not have RW-ROP at the first study-related eye examination; thus, they were included in this risk-prediction analysis (eFigure in the Supplement). The first study-related eye examination on these 979 eligible infants was conducted at a median PMA of 33 weeks, and the last study-related eye examination at a median PMA of 38 weeks, with a median of 3 eye examinations conducted at the e-ROP Study clinical centers. The mean BW was 860 g (range, 330-1250 g) and the mean GA was 27 weeks (range, 23-34 weeks). A total of 149 infants (15.2%) developed RW-ROP in 1 eye (27 infants) or both eyes (122 infants). The median time from first study-related eye examination to the development of RW-ROP was 20 days (range, 2-75 days). Approximately 61% of infants (91 of 149) with RW-ROP were treated.
In univariate analyses (eTables 1-3 in the Supplement), demographic predictors (eTable 1 in the Supplement) found to be associated with RW-ROP were low BW (P < .001), low GA (P < .001), male sex (P = .03), and nonblack race (P = .02). The ocular findings from the first study-related eye examination (eTable 2 in the Supplement) found to be associated with RW-ROP were the presence of preplus disease (P < .001), larger number of quadrants with preplus disease (P < .001), zone I incomplete vascularization (P = .04), stage 1 or 2 ROP (P < .001), zone II ROP (P < .001), and the presence of retinal hemorrhage (P < .001). The need for respiratory support (P < .001) or the absence of enteral feedings (P = .004) proceeding the first study-related eye examination was associated with a high risk for RW-ROP. A slower weight gain (≤12 g/d) by the time of the first study-related eye examination was associated with increased risk for RW-ROP (OR, 1.96; 95% CI, when compared with the infants with weight gain of more than 18 g/d. However, relative weight gain (grams/kilograms/day) was not associated with the risk for RW-ROP (P = .67; eTable 3 in the Supplement).
In the multivariate analysis (Table 1) , demographic and clinical factors at the first study-related eye examination that were independently associated with an increased risk for RW-ROP included male sex (OR, 1.80; 95% CI, 1.13-2.86; P = .01), nonblack race (OR, 2.76; 95% CI, 1.50-5.08 for white vs black race and OR, 4.81; 95% CI, 2.19-10.6 for other vs black race; P < .001), low BW (OR, 5.16; 95% CI, 1.12-7.20 for ≤500 g vs >1100 g; P = .049), younger GA (OR, 9.79; 95% CI, 3.49-27.5 for ≤24 weeks vs ≥28 weeks; P < .001), more quadrants with preplus disease (OR, 7.12; 95% CI, 2.53-20.1 for 1-2 quadrants and OR, 18.4; 95% CI, 4.28-79.4 for 3-4 quadrants vs no preplus disease; P < .001), stage 2 ROP (OR, 4.13; 95% CI, 2.13-8.00 vs no ROP; P < .001), the presence of retinal hemorrhage (OR, 4.36; 95% CI, 1.57-12.1 vs absence; P = .005), the need for controlled mechanical ventilator or high-frequency oscillatory ventilation (OR, 4.99; 95% CI, 1.89-13.2 for the need for controlled mechanical ventilator; OR, 11.0; 95% CI, 2.26-53.8 for the need for high-frequency oscillatory ventilation vs no respiratory support; P < .001), and weight gain of 12 g/d or less (OR, 2.44; 95% CI, 1.22-4.89 for weight gain ≤12 g/d vs >18 g/d; P = .001).
The results for predictions of RW-ROP using significant predictors are presented in eTable 4 in the Supplement and Figure 1 . The combination of BW and GA predicted the RW-ROP with AUC of 0.78 (95% CI, 0.75-0.82). When the sex and race/ethnicity of the infant were also included, the AUC improved to 0.81 (P = .02 for comparing with the AUC from BW and GA). When the ocular findings from the first studyrelated eye examination were also added to the prediction model with demographic characteristics (ie, BW, GA, sex, and race/ethnicity), the prediction was again improved with AUC of 0.85 (P < .001). Finally, when respiratory support status and weight gain were added in the final multivariate model, the AUC was 0.88 (95% CI. 0.85-0.91), significantly better than the prediction by demographic characteristics (P < .001) and also better than the prediction by demographics and ocular findings (P = .005).
The predicted risk for RW-ROP from the final multivariate model is shown in Figure 2 for each infant with RW-ROP and without RW-ROP. The sensitivity and specificity for predicting RW-ROP at various cut points of predicted probability are in Table 2 . Of note, the sensitivity was 96.0% (95% CI, 91.5-98.1%) and specificity was 52.7% (95% CI, 49.2-56.0) when the predicted probability of 0.05 or greater was considered as high risk (Table 2) .
Discussion
We evaluated the demographic, ocular, and medical status factors for predicting the development of RW-ROP based on data from infants with BW less than 1251 g enrolled into a large multicenter clinical study conducted in 13 clinical centers in North America. Our results confirmed that BW, GA, nonblack race (white or other), and slow weight gain were associated with an increased risk for developing RW-ROP. Furthermore, the study identified that the need for mechanical ventilation and several ocular findings (preplus disease, stage 2 ROP, and retinal hemorrhage) at the first study-related eye examination are important predictors for RW-ROP. The combination of these factors predicted RW-ROP significantly better than BW and GA combined (AUC, 0.88 vs 0.78; P < .001). Although these study findings may not be generalizable to other populations, the re- sults suggest that ROP examination guidelines, currently based on BW and GA alone, can be modified to include other factors to improve detection of higher-risk infants.
It is important to note that this study determined the predictive factors for RW-ROP and did not attempt to predict only eyes with treatment-requiring ROP. Referral-warranted ROP includes the retinal findings of type 1 ROP and type 2 ROP as defined by the Early Treatment for ROP Trial. 5, 21 The rationale for using RW-ROP as a prediction outcome was driven by our planned use of a prediction model to identify a subset of highrisk infants who require more frequent evaluations. If validated by an independent study, our prediction model could be useful for risk stratification for infants at risk for RW-ROP. Low BW and low GA are major predictors of ROP. 13, 17, 18, 24 This study confirmed their independent association with ROP. However, these 2 factors only moderately predicted RW-ROP with AUC of 0.78. As shown in other studies, 13, 24 GA tends to be more associated with ROP than BW (AUC of 0.77 for GA and 0.74 for BW). In this study, when controlled for GA, BW remained significant only for the smallest infants (<500 g). We confirmed that lower postnatal weight gain was independently associated with an increased risk for RW-ROP. [11] [12] [13] The presumed mechanism for this association was that a low rate of weight gain is a proxy for low insulinlike growth factor I levels, 25 which can result in a lower rate of retinal vessel growth. 26 Low weight gain could also be a proxy for insufficient nutrition, severe lung disease, or other morbidities. We found that the relative weight gain rate (ie, grams/kilograms/ day) was not associated with the risk for RW-ROP; this could be owing to the poor growth in this cohort of premature babies with significant comorbidities. Our study found that black infants had a significantly lower risk for RW-ROP than those of white and other races/ethnicities. This result is consistent with findings from large natural history cohort studies of infants in the Cryotherapy for Retinopathy of Prematurity Study, 17, 18 the Early Treatment for Retinopathy of Prematurity Study, 24 and a few other large observational clinical studies.
27,28
Multiple-birth status has been reported to be associated with the increased risk for severe ROP. 17, 18, 24, 27 However, this study did not find multiple birth to be associated with the risk for RW-ROP. This lack of association was also found in a very large cohort of infants (N = 2105) in New Zealand.
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Our study was unique in that it combined both nonocular and ocular characteristics as candidate predictive factors. This study found that the presence of preplus disease, stage 2 ROP, and retinal hemorrhage at the first study-related eye examination were independently associated with an increased risk for subsequent development of RW-ROP. Approximately 5% of eyes were noted to have preplus disease at the first eye examination. These infants were 14 times more likely to develop RW-ROP. The number of quadrants with preplus disease was associated with RW-ROP in a dose-response manner, possibly owing to the progression of preplus to plus disease in most eyes (32 of 48, 66.7%). However, the absence of preplus disease at the first eye examination did not preclude the development of RW-ROP, as we found that 12.6% of infants who The predicted probability of RW-ROP for each infant with RW-ROP (orange dots) and for infants without RW-ROP (blue dots) was shown. Using a cut point of 0.05 (dashed line), the sensitivity is 96.0% and specificity is 52.7% for predicting RW-ROP.
did not have preplus disease in either eye at the first studyrelated eye examination developed severe RW-ROP. Retinal hemorrhage at the first eye examination was uncommon (3.7% eyes), yet it was associated with an increased risk for developing RW-ROP (OR, 4.36; P < .001). Although we have not evaluated the location, type, and extent of retinal hemorrhage in this analysis, this association may suggest that retinal hemorrhage is an important sign of abnormal vasoproliferation. Incorporating ocular findings (preplus disease, stage 2 ROP, and retinal hemorrhage) from the first study-related eye examination improved the prediction of RW-ROP beyond the prediction based on demographic information alone (AUC, 0.85 vs 0.81; P = .001).
We found that the need for mechanical ventilation at the first study-related eye examination was an important predictor for RW-ROP. In this cohort, the first ROP examination occurred at a median PMA of 33 weeks. Mechanical ventilator use beyond 28 days of age is also a risk factor for severe lung disease and poor neurodevelopmental outcome. 30 Severe chronic lung disease and its association with high oxygen intake is associated with an increased prevalence of ROP. 31,32 Prolonged use of the mechanical ventilator is also associated with a higher risk for additional morbidities, such as late-onset infection and poor growth, which also contribute to the increased risk for This prediction model effectively predicted the subsequent development of RW-ROP in 1 or both eyes of an infant at a median of 20 days (interquartile range, 7-28 days) prior to its occurrence. Including all of the predictive factors, AUC was 0.88 (95% CI, 0.85-0.91), which is very good. 34 When the predicted probability of RW-ROP of 0.05 was used as a cut point, the model had sensitivity of 96% and specificity of 53%, implying that a large number of eye examinations (approximately 45%) could be avoided while still detecting most infants with RW-ROP. The strengths of this study included the large number of infants enrolled from multiple clinical centers; the standard ROP examinations conducted by study-certified ophthalmologists; and the comprehensive evaluation of predictors that included both demographic and clinical characteristics and the ocular findings from the first study-related eye examination. However, the study was limited in that some first study-related eye examinations were not conducted at the same time when the first ROP eye examination is routinely performed because eligible infants may have been transferred in to an e-ROP Study clinical center after an eye examination. Also, the study excluded some babies who only underwent 1 study-related eye examination or who already had RW-ROP in their first studyrelated eye examination. These exclusions may limit the generalizability of our study findings. The inclusion of some infants (27.3%) who only completed 2 study-related eye examinations could potentially introduce bias. However, analysis among the subset of infants who completed at least 3 studyrelated eye examinations with their first eye examination no later than 33 weeks and the last eye examination no earlier than 37 weeks showed similar results. The current report may also be limited by possible misclassification of RW-ROP due to the inherent variability in the results of binocular indirect ophthalmoscopy examinations performed by ophthalmologists.
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Conclusions
Currently, the detection of treatment-requiring ROP is based on serial retinal examinations performed by skilled ophthalmologists, with only about 5% to 10% of infants needing treatment. 8, 36 Using a model like the one presented here could help identify lower-risk infants who are less likely to develop RW-ROP and require less-frequent imaging or eye examinations. 19 The model also could identify infants who are at the highest risk and thus require more intensive imaging and examination schedules. If this tiered approach to ROP screening, based on an infant's risk for developing RW-ROP, is validated, it would reduce the burden of ROP clinical examinations without compromising the timely identification of infants requiring treatment for acute ROP. Abbreviations: ROP, retinopathy of prematurity; RW, referral warranted.
